Nano-fiber structure of ZnO and Ni doped ZnO (Ni:ZnO) transparent thin films have been deposited on glass substrate at 350 C at an ambient atmosphere via spray pyrolysis technique. The structural, surface morphological and opto-electrical properties of ZnO and Ni doped ZnO thin films have been investigated. The XRD patterns show that the films are of polycrystalline in nature having preferential orientation (0 0 2) plane for ZnO changes to (1 0 1) by Ni doping in ZnO matrix. Optical study exhibits red shifting in band gap energy with Ni doping due to spd hybridization and display high absorption coefficient of the order of 10 7 m À1 . The photoluminescence (PL) spectra indicate blue emissions in all samples. Electrical measurement confirms the resistivity of the film decreases remarkably with Ni doping and electrical transport is mainly thermally activated. From Hall Effect study, it is confirmed that all the samples are n-type having carrier concentration of the order of 10 18 cm À3 . Both mobility and carrier concentrations of the films became higher than ZnO sample with the increase of Ni concentration.
Introduction
Transparent conducting oxide (TCO) thin films based on zinc oxide (ZnO) have received much interest because of relatively inexpensiveness compared to indium tin oxide (ITO). ZnO is a multifunctional II-VI group semiconductor which creating a center of attention to researchers because of its fascinating properties such as wide band gap of 3.37 eV at room temperature, large exciton binding energy (60 meV), high optical transparency, high surface stability, large electrochemical coupling coefficient and strong excitonic emission etc (Dehkordi et al., 2019; Luo et al., 2019; Gandhi et al., 2019; Karim et al., 2015a Karim et al., , 2016 . Although, stoichiometric ZnO is an insulator, it exists as an n-type semiconductor partially due to its deviation from stoichiometry i.e., due to the presence of interstitial Zn atoms (Zn i ) in large voids and the presence of oxygen vacancies (V o ) in the crystal lattice and partially due to the presence of background donors such as H and Al (Joseph et al., 1999) . These defects form donor levels below the conduction band at about 0.05 eV. The interest is growing on ZnO due to its potential applicability in solar cells (Consonni et al., 2019) , light-emitting diodes , piezoelectric devices (Kumar et al., 2019) , Ultraviolet (UV) photo detectors (Ning et al., 2018; Zhang et al., 2019) , antibacterial activities (Hajiashrafi and Kazemi, 2019) and gas sensors (Ganesh et al., 2017; Dewan et al., 2018) . On the other hand, Nickel (Ni) is a transition metal element which belongs to the 4 th period and 10 th group in the periodic Table along with Iron (Fe) and Cobalt (Co). It is known that the transition metals slowly lose their strong metallic characteristics. Nickel is a good conductor of heat and electricity. However, it loses its metallic character very slowly. The most important oxidation state of nickel is þ2, although the þ3 and þ4 oxidation states are also known (Tundermann et al., 2005) . Nickel has a relatively average electro negativity that indicates a decent affinity for bonding with other elements. The ionic radii of Ni 2þ (0.69 Å) and Zn 2þ (0.74 Å) are very close and they have same valance with same structure (Aboud et al., 2019) . It is expected that Ni 2þ can be easily replaced by Zn 2þ in ZnO lattice without changing the hexagonal structure of ZnO. Therefore, Ni doped ZnO thin films may effectively be a promising material for obtaining a very good electrical, opto-electronic, thermal and visible luminescence properties.
There are many reports for Ni doped ZnO thin films deposition and characterization, such as by spin coating (Yildiz et al., 2011) , sol-gel immersion (Ismail et al., 2018) , magnetron sputtering (Bayram et al., 2019) and spray pyrolysis technique (Ali et al., 2020; Owoeye et al., 2019; khalidi et al., 2019; _ Iskendero glu and Güney, 2017; Rouchdi et al., 2017; Rajeh et al., 2016) . Most of the cases, electrical properties of Ni:ZnO thin films are found inconsistent with Ni doping concentration and the optical properties such as transmittance and band gap are incoherent with Ni doping. Rouchdi et al. (2017) report a controvertal result that the band gap of ZnO increases with the increase of Ni doping. Moreover, M. Rouchdi et al. and A. Yildiz et al. (Rouchdi et al., 2017; Yildiz et al., 2011) also report that the electrical conductivity of ZnO decreases significantly with the increase of Ni doping which makes a conflict with concept of Ni doping. Because it is logically expected that the reduction of resistivity with Ni replacing Zn site as Ni is a good metal and very insignificant mismatching of ionic radius between Zn 2þ and Ni 2þ ions induces low lattice distortion. Furthermore, another debatable report published by Rajeh et al. (2016) in which they claim that the crystal growth plane of ZnO does not change with Ni-doping. However, elemental doping may change crystal habit plane for ZnO doping with (Cu, N) as reported by Liton et al., (2015) . Therefore, there are still many controversies remains in experimental results and explanation of physics.
Considering the immense applications of ZnO in the field of optoelectronic, we motivated to prepare ZnO and Ni doped ZnO thin films by a simple low cost spray-pyrolysis (SP) technique. It is our aim to study the effect of Ni doping on its structural, optical and electrical properties and to explore physics which may be helpful for the applications in the field of opto-electronic devices.
Experimental techniques
ZnO and Ni doped ZnO (Ni:ZnO) thin films were deposited on glass substrate using spray pyrolysis technique at an ambient atmosphere. The details of film preparation and optimization process for obtaining a good quality film by spray pyrolysis are given elsewhere (Shah et al., 2018) . The working solution was prepared by mixing the appropriate amounts of 0.1 M zinc acetate dihydrate ((CH 3. COO) 2 Zn.2H 2 O) and nickel chloride hexahydrate (NiCl 2 .6H 2 O) dissolved with in de-ionized water. Zinc acetate and nickel chloride were mixed together in different nominal volume ratios to obtain 0, 1.0, 2.0, 4.0 and 6.0 mol% Ni doped ZnO thin films. The solution flow rate and gas pressure were kept constant at 0.5 ml/min and 2.5 psi, respectively. The distance between spray nozzle and substrate was kept at 0.20 m, spraying time was 15 min. The substrate temperature was kept at~350 C measured by a copper-constantan thermocouple. The possible chemical reactions that take place on the heated substrate to produce ZnO and Ni doped ZnO thin films may be as follows: Thin film growth parameters were kept constant for all Zn/Ni ratios to obtain same thickness of the films. The thickness of the films was measured by Newton's ring method and found to be~(180 AE 10) nm.
The crystallographic structure of the pure ZnO and Ni:ZnO films was studied by a X-ray diffractrometer D2 PHASER (BRUKER). The diffraction profile of all samples was recorded in between Bragg angle of (20-70) with Cuk α monochromatic radiation of wavelength λ ¼ 0.15405 nm, tube current 10 mA, voltage 30 kV and in steps of 0.02 .The surface morphology of ZnO and Ni:ZnO films were studied by scanning electron microscope (SEM) (Philips XL30 FEG). Optical transmittance and reflectance data were taken using a UV-visible spectrophotometer (UV-1601 PC SHIJMADZU). The room temperature photoluminescence (RTPL) measurement was performed using a spectrofluorophotometer (RF-5301, Shimadzu, Japan) at an excitation wavelength of 370 nm. Hall voltage and resistivity measurements were carried out by van der Pauw's method using a Keithley electrometer.
Results and discussion

Structural analysis
The crystal structure of the deposited films was determined using high-resolution X-ray diffractometer at room temperature. The XRD patterns of ZnO and Ni doped ZnO films are shown in Figure 1 . From figure it is observed that the films are of polycrystalline in nature. It is also clear from XRD patterns that no impurity phase is present in the ZnO samples. The characteristic peak positions are identified comparing with JCPDS card no 89-1397. The characteristic peaks are at 2θ ¼ 31. 94 , 34.52 , 36.41 , 47.55 , 56.77 , 62.82 , 68 .00 corresponding to (h k l) values of (1 0 0), (0 0 2), (1 0 1), (1 0 2), (1 1 0), (2 0 0), (1 1 2), respectively.
From the analysis of XRD peak positions, ZnO and Ni doped ZnO samples could be indexed with hexagonal (wurtzite) structure. The XRD patterns also revealed that the films are in good crystalline and the crystallites of the samples are oriented in different planes. The dominant peak positions are observed at 2θ values of 31.94 , 34.52 and 36.41 on the other hand the minor peaks are at 47.55 , 56.77 , 62.82 and 68.00 . It is also observed that the intensity of (0 0 2) reflection is maximum for ZnO and 1 mol% Ni:ZnO films, which indicates that ZnO and 1 mol% Ni:ZnO films have preferential orientation in the (0 0 2) plane. While the preferential orientation of 2, 4 and 6 mol% Ni:ZnO thin films changes to (1 0 1) plane and no other secondary phases of Ni or its oxides are seen within the scanning range suggesting that Ni substitutes Zn sites in ZnO lattice. S.K. Mandal et al. and M. Kamruzzaman et al. reported that the solubility limits of Ni into ZnO is very low at temperature !100 C, however, it is increased with the increase of growth temperature (Mandal et al., 2006; Kamruzzaman and Zapien, 2017) . In this work, film growth temperature was 350 C and the solubility is higher which was expected and confirmed as there is no impurity phases present in the XRD patterns.
Comparing the observed diffraction peak positions and relative intensity with the standard value of ZnO lattice (JCPDS card no.89-1397) the d hkl values of ZnO and Ni doped ZnO were calculated using the Bragg's law:
where, d hkl is the inter-planer spacing, θ is the Bragg angle and λ is the wavelength of radiation. The calculated values of average lattice parameters, d hkl for all samples are given in Table 1 . The size of the grown crystallites was estimated by using the Debye-Scherrer formula (Cullity and Stock, 2001) :
where, ξ is the crystallite size, λ is the wavelength of the X-ray used, θ is the diffraction angle and β is the full width at half maximum (FWHM) measured in radians.
The corresponding lattice strain, ε was calculated by using the following relation (Ashaduzzman et al., 2018) :
( 3) The dislocation density (δ) of the samples was estimated using the equation (Ashaduzzman et al., 2018) :
The calculated crystallite size or grain sizes, lattice constants, dislocation densities and strain for (1 0 1) plane are given in Table 1 . A very small change in lattice parameters was observed due to the doping because of small difference in ionic radius between Zn 2þ and Ni 2þ . The lattice constant a remains more or less unchanged but c slightly decreases with increasing doping concentration of Ni. This may be happened due to changes of preferential orientation with Ni doping concentration and since the ionic radius of Ni is slightly smaller that of Zn ion. From the Table 1 , it is observed that the crystallite size of Ni:ZnO samples increases, whereas, strain and dislocation decreases with doping concentration of Ni. The reduction of strain and dislocation density may be attributed to the improved crystallinity of the film due to decrease of lattice misfit in the film. However, the grain size of 4 mol % Ni doped sample is found lower subsequently strain and dislocation density increases compare to other doped samples because of the strain and dislocation density are inversely related to the grain size. There are many factors affecting micro-structure of crystallite during crystal growth. In this case it seems thermodynamic instability during crystal growth perturbed (1 0 1) plane crystallization resulting in reduction of crystal size subsequently increase of strain and dislocation density for 4 mol% Ni doped sample. The increase of strain and dislocation density due to Ni doping is reported by _ Iskendero glu et al. ( _ Iskendero glu and Güney, 2017).
Surface morphology
The SEM micrographs of ZnO and Ni:ZnO thin films at different magnifications are shown in Figure 2(a-e) . The SEM indicates that the surface of substrate is well covered by nanostructure and the deposition led to number of clusters with well-defined nucleation centers. The clusters consist of highly dense ganglia-like fibers over a large area around the nucleation centers. The fibers of different lengths and crosssections are oriented randomly, because these nano-fibers were produced by self assembly process with low level super-saturation of reactants. The anisotropy of wurtzite ZnO structure may also enhances the nano-fiber growth by terminating the basal polar plane in between positive (Zn 2þ , Ni 2þ ) and negative (O 2-) lattice points. Such nano-fiber growth of ZnO and Ni:ZnO have also been reported (Qiao et al., 2013; Das et al., 2013) . The nano-structured surfaces of all samples are found almost same except the density of the nano-fiber varies from film to film with different doping concentration of Ni in ZnO. In general, the formation of self assembled nano structure depends on thermodynamic environment and crystal growth parameters. In this work, we have used identical growth parameters at constant temperature for all samples. Furthermore, the crystallization behavior of ZnO is supposed to not influence very much by Ni doping because of the similar crystal structure and radii of Ni 2þ and Zn 2þ . As a result, Ni:ZnO nano fibers are similar as pristine ZnO nano fiber.
Optical study
The optical transmission T(λ) and reflection R(λ) spectra of ZnO and Ni:ZnO thin films are shown in Figure 3 . It is seen from Figure 3 (left scale) that the transmittance increases sharply in the lower wavelength (380 nm-420 nm) region and becomes nearly flat in the higher wavelength (500 nm-1100 nm) region.
A sharp decrease in the transmittance is observed at~380 nm attributed to the band edge absorption and the transition is direct. This strong absorption means that the incoming photons have the sufficient energy to excite electrons from the valence band to the conduction band (Farag et al., 2011) . Maximum value of transmittance (~75%) was obtained for ZnO thin film and then gradually decreases with increasing doping concentration of Ni which is in good agreement with the reported results (Ghosh et al., 2008) . A small red shift is observed at the band edge absorption with the increase of Ni doping suggesting the band gap reduction occurred due to the increase of Ni doping. In addition, a small damping of absorption is observed at wavelength~670 nm (indicated by an arrow sign) for Ni doped ZnO sample. The appearance of this absorption becomes distinct for higher doping level of Ni. This absorption is a typical characteristic of d-d* intra-ionic transitions in the tetrahedral coordinate of high-spin Ni 2þ ion. This may be attributed to the transfer of charge carriers in between donor and acceptor ionization levels situated inside the band gap of ZnO lattice (Dinia et al., 2005; Saha et al., 2015) or creation of deep level defect states by the doping of Ni.
From the right scale of Figure 3 , it is seen that the reflectance of ZnO thin films gradually decreases with increasing doping concentration of Ni. The energy dependence of the reflectance shows that it initially increases in the lower wavelength region for ZnO and Ni:ZnO after which decreases up to~760 nm and then again slightly increases up to~850 nm. The lower reflectance with increasing doping suggests that doped samples are slightly rough compared to ZnO thin film. The optical band gap E g can be determined using optical absorption equation (Mott and Gurney, 1940) :
where A is an energy-independent constant, superscript m determines the nature of transition involved, where, m ¼ 1/2 for direct transition and α is the absorption co-efficient calculated from transmittance and reflectance data using the relation (Karim et al., 2015b (Karim et al., , 2019 :
The absorption coefficient of the film depends on thickness, impurities and on doping concentration also. The variation of absorption coefficient with wavelength is shown in Figure 4 which increases slightly with increasing Ni concentration. It is found that the value of absorption coefficient, α is sufficiently high of the order of 10 7 m À1 .
The variation of (αhν) 2 (direct allowed transition) with hν for ZnO and Ni:ZnO thin films are shown in Figure 5 .
The band gap energy was obtained from the intercept on the energy axis after extrapolation of the straight line section of the curves and the obtained values are tabulated in Table 2. From the Table 2 , it is found that the band gap shows a red shift from 3.20 to 3.13 eV with the increase of Ni concentration from 0 to 6 mol%. The band gap values of ZnO and Ni:ZnO is slightly lower but the tendency of decreasing band gap with Ni doping is consistent with previously published reports (Ali et al., 2020; Owoeye et al., 2019; _ Iskendero glu and Güney, 2017; Rajeh et al., 2016) . A comparison of band gap between this work and previously reported work ( _ Iskendero glu and Güney, 2017) is given in Table 2 . This reduction of the band gap energy indicates the incorporation of Ni affects the optical band gap. The small reduction of the band gap energy (~0.07 eV) can be interpreted in terms of the sp-d exchange interaction of the direct coupling between the band electron spin O bes and magnetic ion spin S mis forming -JO bes .S mis (Kossut, 1976; Bastard et al., 1977; Kamruzzaman et al., 2012) and the sp-d hybridization occurs between the host valance band conduction electron and the impurity magnetic ions (Kim et al., 1993) . However, the direct exchange interaction in Ni:ZnO system has much smaller effect on the band gap energies than the sp-d hybridization interaction (Kim et al., 1993) . When Ni 2þ ion is added to ZnO, the 3d levels of impurity Ni 2þ ions exists below the conduction band of ZnO and constitutes the sp-d hybridization. In this study the small reduction of band gap energy with increasing Ni concentration in ZnO may be caused by decreasing sp-d hybridization energy which results in the reduction of band gap energy.
Photoluminescence (PL) study
The intensity of the photoluminescence signal provides information of the quality of surface of the film. The room temperature photoluminescence (RTPL) spectra were taken in the wavelength range 420 nm-550 nm. The variation of photoluminescence intensity with wavelength for ZnO and Ni:ZnO thin films at an excitation energy 3.37 eV (λ ¼ 370 nm) is shown in Figure 6 (a) .
From Figure, it is seen that the PL peaks of ZnO and Ni:ZnO samples are almost in the same position but have different intensities. The origin of the entire PL emissions lie within the wavelength range (450-490) nm may be explained by an energy level diagram given in Figure 6 (b). From figure it is clear that the blue emissions originated from the recombination of trapped holes and electrons at Zn vacancies (V Zn ) and Zn interstitial (Zn i ), respectively, and the recombination of trapped electrons at Zn i sites with photo generated holes (Ali et al., 2020; Zeng et al., 2010) . Theoretical calculations predict that V Zn and Zn i can create easily in ZnO matrix because of their lower formation energy (Zeng et al., 2010; Kavitha et al., 2014) . The non-equilibrium processes of thin film growth and doping may also induce the defect formation which causes deep energy levels in the band gap. In general, Zn i act as a shallow donor levels and V Zn produces acceptor levels. The emission bands observed at around 452 nm (2.75 eV) may be caused by the electron transition from the energy level of Zn i site to the top of valance band (VB) (Farag et al., 2011; Fang et al., 2004; Zeng et al., 2010) , whereas, the peaks at 470 nm (2.65 eV) and 485 nm (2.56 eV) are originated by electron transitions in between the bottom of the conduction band (CB) and acceptor V Zn site (Ali et al., 2020; Zeng et al., 2010; Kavitha et al., 2014) .
Transport properties
The resistivity of the ZnO and Ni:ZnO thin films was measured by the Van-der Pauw's method from RT to 455 K. During each measurement, temperature was increased slowly to ensure that the film was at uniform temperature. The variation of resistivity with temperature is shown in Figure 7 .
It is observed that the resistivity for all samples gradually decrease with increasing temperature which is the signature of semiconducting nature with negative temperature coefficient of resistance (TCR). Figure 7 also reveals that the resistivity of ZnO thin film (Inset of Figure 7 ) has two steps, first it decreases sharply in the low temperature region (300-340) K, after that it decreases slowly with temperature. This is due to more activation energy of donor transition required at low temperature than that of high temperature. The resistivity decreases in a regular fashion with the increasing doping concentration of Ni. It should be noted that the RT resistivity is significantly lower for Ni doped samples than un-doped ZnO. The reduction in resistivity due to doping is understandable, as some Zn atoms with full 3d shells (providing only semi core valance band states) are replaced with Ni, where the 3d shell is not full (3d 8 ) and has states near the bottom of the conduction band. This addition of conduction band states will accommodate more conduction electrons and therefore lower the resistivity (Das et al., 2013) . The room temperature resistivity of ZnO and Ni:ZnO is given in Table 2 and compared with previous work (Rouchdi et al., 2017) .
To calculate the activation energy of ZnO and Ni:ZnO thin films, the variation of lnσ versus inverse temperature is plotted shown in Figure 8 . The activation energy may be obtained by using the relation
where ΔE is the activation energy, K B is the Boltzmann constant, σ is the electrical conductivity and σ o is the pre-exponential factor. From the slope of lnσ vs. 1/T plot, the activation energy ΔE 1 was calculated at (310-330) K and ΔE 2 at (405-435) K. The values of ΔE 1 and ΔE 2 are given in Table 2 . From the Table 2 , it is observed that the activation energy ΔE 2 is higher than that of ΔE 1 . The high values indicate that conductivity is associated with the free band transition of carriers i.e. from donor level to conduction band and the low values of ΔE 1 may be associated with the localized levels hopping due to the excitation of carriers from one defect state to other (Mott and Gurney, 1940) . The electron resides at this site until it is thermally activated to migrate to another site (Mott and Gurney, 1940) . The RT Hall effect measurement was done at a constant magnetic field of 9.815 KG. The Hall study confirmed that the carriers of ZnO and Ni:ZnO samples are n-type. From the Hall Effect measurement, Hall mobility (μ H ) and carrier concentration (n c ) have been calculated. The mobility measured in this work is higher but the carrier concentration is found lower compared with previous report (Rouchdi et al., 2017) and tabulated in Table 2 . From the table, it is clear that both the carrier concentration and Hall mobility increases with Ni doping concentration and the carrier concentrations of all samples are found in the order of 10 18 cm À3 .
Conclusions
In the present work, ZnO and Ni:ZnO thin films were successfully synthesized using low cost spray pyrolysis technique on glass substrate at substrate temperature~350 C. XRD patterns showed that the films are mono-phasic and polycrystalline in nature having hexagonal wurtzite structure. The preferential orientation of (0 0 2) plane for ZnO and 1 mol % Ni:ZnO films changes to (1 0 1) plane for 2, 4 and 6 mol% Ni: ZnO films. The SEM micrographs revealed that the surfaces are well covered by nano-fiber like crystal grains. In optical study all samples exhibit high absorption coefficient of the order of 10 7 m À1 and the appearance of dd* intra-ionic transitions in the tetrahedral coordinate of high-spin Ni 2þ ion is found for Ni doped samples. The band gap of ZnO is tuned from 3.20 eV to 3.13 eV with increasing Ni doping due to sp-d hybridization and exchange parameter. Photoluminescence study confirms blue emissions in all samples. From transport measurements it is found that the conductivity of ZnO remarkably increased with Ni doping. The value of activation energy at higher temperature region is higher than lower temperature region which manifests that at high temperature carrier transportation associated with free band transition and at low temperature it is hopping. Hall effect study confirmed that ZnO and Ni:ZnO films are n-type semiconductor having carrier concentrations of the order of 10 18 cm À3 . All these observed parameters of nano-fiber like Ni:ZnO films seems suitable for sensing device, laser and photovoltaic applications.
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